Currently, there is intense debate regarding the origin of reparative cells in injured hearts and vasculature. To determine the contribution of recipient bone marrow (BM)-derived cells to the regeneration of cells in the vasculature of transplanted hearts and to examine the effect of immunosuppression on this phenomenon, we evaluated the fate of green fluorescent protein (GFP)-positive recipient BM cells in non-GFP-expressing cardiac allografts. C57BL/6 BM-GFP chimeric recipients underwent cardiac transplantation. Allografts were immunosuppressed with tacrolimus for 14 or 30 days post-transplantation or were saline treated. Hearts were excised and stained with markers for endothelial cells (EC) or smooth muscle cells (SMC). Colocalization with BMderived recipient cells was evaluated using confocal microscopy with three-dimensional image analysis. Immunosuppression with tacrolimus did not affect the frequency of recipient BM-derived cell chimerism as EC or SMC phenotypes. A higher frequency of EC chimerism was found at 14 days as compared to 30 days posttransplantation in allograft hearts. BM-derived recipient cells are recruited to areas of donor vascular injury with intercalation of recipient EC and SMC in the setting of ongoing alloimmune recognition of the allograft. Our findings confirm that immunosuppression with tacrolimus does not affect the frequency of recipient BMderived cell repopulation at an early time point 14 days post-transplantation. EC repopulation by BM-derived recipient cells was found to be an early event in transplanted allograft hearts, which decreased in frequency over time. Laboratory Investigation (2005) 85, 982-991.
Heart transplantation is a life-prolonging procedure that has become an accepted surgical treatment for patients with end-stage congestive heart failure. Despite improvements in outcomes over the last two decades, both acute and chronic rejection continue to limit survival and quality of life in heart transplant recipients. 1 Transplant vascular disease (TVD), as an expression of chronic rejection, is a rapidly progressive form of atherosclerosis that occurs in the vessels of all solid organ transplants, including the heart. Cardiac TVD is estimated to affect more than 40% of recipients who survive beyond four years after transplantation. 1, 2 Recent studies have suggested that undifferentiated progenitor cells may emigrate from the recipient to the graft, contributing to vascular remodeling and possibly contributing to the atherosclerotic process of TVD. [3] [4] [5] However, the degree of recipient cell repopulation of cells of the vessel wall is currently a matter of intense debate 6 since there are discrepancies in reported rates of chimerism in damaged vessels and hearts. [3] [4] [5] [7] [8] [9] [10] These discrepancies may be attributed to confounding factors, including different assays and techniques used to detect cell differentiation or colocalization events, as well as variations in models used to examine chimerism rates.
To address the fate of endogenous recipient bone marrow (BM)-derived progenitor cells in the vasculature of transplanted (Tx) hearts, we performed heterotopic heart transplantation using chimeric recipient mice expressing green fluorescent protein (GFP)-positive BM in order to track the migration of the BM-derived recipient cells. Moreover, we measured the effect of immunosuppression vs none on the frequency of recipient GFP-labeled BM-derived endothelial cells (EC) and smooth muscle cells (SMC) in the coronary arteries of the Tx heart.
Materials and methods

Generation of BM-Chimeric Mice
The study protocol was approved by the University of British Columbia Office of Research Services Committee on Animal Care. C57BL/6 (CD45.2) and C57BL/6 (GFP/CD45.1) mice were bred in-house and maintained in a pathogen-free environment. The C57BL/6 (GFP/CD45.1) mice express GFP driven by the CMV enhancer-chicken beta-actin hybrid promoter. They were a kind gift of Dr I Weissman.
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C57BL/6 (GFP/CD45.1) mice (8 weeks old) were used as donors and 8-to 10-week-old C57BL/6 (CD45.2) mice as recipients.
Cells
BM was flushed out of the femurs and the tibias of C57BL/6 (GFP/CD45.1) mice and single-cell suspensions were made. Red cells were lysed, cells were enumerated and 5 Â 10 6 cells were injected into the tail vein of lethally (950 rad) irradiated recipient C57BL/6 mice.
Peripheral Blood Analysis of BM-Chimeric Mice
At various time points after transplantation, 150 ml of peripheral blood were collected from the tails of recipient BM-chimeric mice. Reconstitution of the hematopoietic system was analyzed by flow cytometry on a FACScan (Becton Dickinson) using a protocol as described previously. 7 Mice with more than 80% of GFP-positive peripheral blood leukocytes were used as recipient mice for the heterotopic heart transplant experiments 2 months after BM transplantation.
Heterotopic Cardiac Transplantation
Heterotopic cardiac transplantation was performed as described. 12 Hearts of 10-week-old 129SV/j mice were transplanted into the reconstituted GFP-BMchimeric C57BL/6 mice described above. Control syngrafts consisted of 10-week-old C57BL/6 donor hearts transplanted into C57BL/6 GFP-BM-chimeric mice. Allograft mice were treated with tacrolimus (Fujisawa, Osaka, Japan) administered intraperitoneally (i.p.) (6 mg/kg) daily for a period of 14 (n ¼ 5) and 30 (n ¼ 5) days post-transplantation. A subset of allograft mice did not receive any immunosuppressive therapy, and were treated with daily i.p. injections of saline (n ¼ 5) for a period of 14 days post-transplantation. Mice were euthanized at 14 and 30 days post-transplantation.
Immunofluorescence and Histochemical Staining
Native (Nat) and Tx hearts were excised from the allograft and control syngraft groups and routinely processed for cryosections. Immunofluorescence staining was performed using a modified protocol as described previously 13 and other sections were stained with hematoxylin and eosin (H&E). Briefly, hearts in all treatment groups were perfusion fixed with 2% paraformaldehyde and OCT embedded. Frozen midventricular sections were incubated with primary antibodies, anti-smooth muscle (SM) a-actin (DAKO, Carpinteria, CA, USA), von Willebrand factor (vWf) (DAKO) and anti-CD45 (BD Pharmingen, Mississauga, ON, Canada). Alexa 594-conjugated secondary antibody was used and nuclei were counterstained with Hoechst 33342 (Molecular Probes, Eugene, OR, USA).
Confocal Microscopic Analysis and Quantitation of the Recipient BM-Derived Cells
All images were obtained using a Leica AOBSt SP2 confocal microscope. In all, 10 mm sections of the Tx and Nat hearts were stained for vWf, SM a-actin and CD45, and analyzed. The number of GFP-positive BM-derived recipient cells in the hearts was quantitated at 14 and 30 days post-transplantation in all allograft and syngraft groups. Briefly, 10 representative microscopic fields at 1.4 Â 10 À3 mm 3 from the same anatomical location in each myocardial section were taken and Image-Pro s Plus software (MediaCybernetics s , San Diego, CA, USA) was used to count the number of nuclei and nucleated GFPpositive recipient cells in the confocal optical sections. For vWf and SM a-actin quantitation, analysis for colocalization with BM-derived recipient GFP-positive cells was performed on volumes of 5.3 Â 10 À4 mm 3 optical stacks of vessels, 60-200 mm wide in diameter, found in representative midventricular sections from Tx and Nat hearts. Stacks were reconstructed using Volocityt (Improvision s , Boston, MA, USA) and Metamorph s (Universal Imaging Corporationt, Downingtown, PA, USA) image softwares. Two independent, blinded observers reviewed each reconstructed vessel. Nucleated recipient BMderived GFP-positive cells seeded within the vessel walls were quantitated and the number of morphologically distinguishable cells that stained dual positive for GFP and either vWf or SM a-actin in the vessel wall was scored. Cells were considered endothelial in origin if they were positioned on the luminal side of the vessel, thin and elongate in shape, and demonstrated intracellular granular vWf staining. Cells were considered vascular SMC if they were in the subendothelium or media, were spindle shaped, blunt ended and exhibited intracellular SM a-actin staining. Each chimerism count was expressed as a percentage of total EC or SMC, respectively. In addition, to confirm the presence of GFP within individual cells separated from the autofluorescent background, spectrophotometric wavelength lambda scanning was performed on tissue sections. Algorithms were then applied to further separate the spectral fingerprint for GFP (510 nm emission maximum) from the autofluorescence fingerprint (535-545 nm emission maximum) in order to ensure accurate recipient BM-derived GFP cell detection.
Statistical Analyses
Data for the quantitation of recipient cell seeding are given as mean7s.e.m. Comparison between groups was made using ANOVA and a post hoc Tukey's test was used to determine statistical differences between groups. The frequency of vWf or SM a-actin and GFP double-positive cells in the vessel wall are shown as mean7s.e.m. of the total recipient EC or SMC. A P-value of less than 0.05 was considered significant.
Results
Recipient Cell Seeding to the Tx Heart and the Effect of Immunosuppression
We utilized chimeric GFP-BM recipient mice in a heterotopic heart transplant model to identify the extent of contribution of recipient BM-derived cells to the repopulation of damaged cells in the vessels of Tx hearts. Our data demonstrate the presence of infiltrating BM-derived recipient cells in the Tx hearts of both immunosuppressed and nonimmunosuppressed allograft mice at both 14 and 30 days post-transplantation ( Figure 1 ). BMderived recipient cell seeding to the Tx heart was significantly greater (Po0.05) as compared with the Nat heart controls in allograft groups receiving immunosuppression at both 14 (Tx ¼ 2472.0%, Nat ¼ 5.271.0%) and 30 (Tx ¼ 2373.6%, Nat ¼ 4.371.1%) days post-transplantation ( Figure 2 ). Syngraft controls showed minimal recipient BMderived cell seeding to the Tx and Nat hearts at both 14 days (Tx ¼ 2.770.59%, Nat ¼ 3.572.2%) and 30 days (Tx ¼ 6.670.46%, Nat ¼ 6.874.0%) post-transplantation. At 14 days post-transplantation, the total BM-derived recipient cell seeding was found to be significantly higher (Po0.05) in the Tx hearts of non-immunosuppressed allografts (4172.1%) as compared with immunosuppressed allografts (2472.0%).
CD45 Expression of Recipient BM-Derived Cells
Allograft and syngraft hearts were stained for the panleukocyte marker CD45 to identify the inflammatory cell proportion of the recipient GFP-positive BM-derived cells, which seeded to the cardiac interstitium and vasculature. The results ( Figure 3 ) Bone marrow-derived recipient cells in cardiac allografts N Rezai et al
EC Differentiation in Tx Hearts
In all Tx hearts of allograft groups, we found GFPvWf dual-positive cells in the endothelial lining of vessels ( Figure 4 ). The frequency of GFP-vWf dualpositive cells out of the total EC within the vessel wall was 11.872.5 and 4.071.2% for 14 and 30 days post-transplantation, respectively ( Table 1) .
The results indicate that the frequency of differentiation events for recipient BM-derived cells into an EC phenotype within the vessel wall of Tx hearts appears to be higher at 14 days post-transplantation than at 30 days (P ¼ 0.04). The frequency of GFPvWf dual-positive cells was similar in the vessels of Tx hearts in both the non-immunosuppressed (9.472.1%) and the immunosuppressed (11.87 2.5%) allograft groups at 14 days post-transplantation. These findings suggest that 14 days of immunosuppressive therapy does not significantly affect the frequency of recipient BM-derived cell chimerism in vessels of Tx hearts. Nat hearts demonstrated a low level of GFP-vWf dual-positive cells only in the vessels of non-immunosuppressed allograft hearts, and no dual-positive cells were found in any other allograft or syngraft recipient Nat hearts.
SMC Differentiation in Tx Hearts
SM a-actin was used as a phenotypic marker for vascular SMC in Tx and Nat hearts. The results (Table 1) indicate that at 14 days post-transplantation, the frequency of SM a-actin-GFP dual-positive cells out of the total number of SMC within the vessel wall is not significantly different in the Tx hearts of the allograft groups (nonimmunosuppressed ¼ 0.970.89% and immunosuppressed ¼ 2.072.0%). This suggests that the frequency of differentiation events into an SMC phenotype is not affected by immunosuppressive treatment with tacrolimus ( Figure 5 ). Further, there appears to be no significant difference in the number of SM a-actin-GFP dual-positive cells in Tx hearts of immunosuppressed allografts at 14 and 30 days post-transplantation (2.072.0 and 0.470.4%, respectively). No vessels in the Nat heart controls contained SM a-actin-GFP dual-positive cells.
Discussion
TVD is one of the leading causes of graft failure and death after the first perioperative year and is now the most important problem in clinical organ transplantation. The original concept of TVD and vascular remodeling assumed that vascular EC and SMC in TVD originate from graft tissue and are therefore donor derived. 1, 14 In recent years, several groups have reported data both supporting 9, 15, 16 and discounting 17, 18 repopulation of graft vessels by recipient-derived cells after solid organ transplantation. However, several questions remain unanswered, including: (1) 
The possibilities for the origin of recipient cells recruited to damaged vessels include circulating vessel wall-derived adult EC, tissue resident progenitor cells or recipient BM-derived cells. In this study, we investigate these questions by elucidating the contribution of recipient BM-derived cells in the repopulation of cells of the vessel wall at both an early (14 days) and late (30 days) time-point posttransplantation as well as examining the effect of immunosuppressive therapy with tacrolimus on the frequency of recipient BM-derived cell differentiation into vascular cell phenotypes.
The results of this study support the concept that recipient BM-derived cells migrate and localize to the Tx heart as early as 14 days post-transplantation. Although these recipient BM-derived cells predominantly consisted of inflammatory cell subsets, we were particularly interested in examining the role of non-inflammatory recipient cell populations found to seed sites within vessels of the Tx hearts. Our results, using quantitative image analysis, indicate that recipient BM-derived cells are recruited to vessels of the allograft Tx heart where they participate in the replacement of EC, as well as SMC at a very low frequency. EC replacement in Tx hearts by recipient BM-derived cells at 14 days post-transplantation was significantly greater as compared with 30 days post-transplantation. It is well established that immune-mediated damage of donor EC is believed to be an initiating event in TVD. TUNEL labeling in coronary arteries affected by TVD has revealed apoptotic cells in these lesions and electron microscopic documentation of denuded donor EC in animal models of this disease indicate that large-scale unregulated damage is abundant in TVD. 19, 20 The resultant damage likely contributes to TVD by increasing vascular permeability, fostering the infiltration of plasma proteins into damaged blood vessels and the myocardial interstitium. Consequently, this donor EC damage and cell This early EC apoptosis in TVD may account for why there is a decrease in EC replacement in the vessels of Tx hearts from 14 to 30 days posttransplantation. SMC chimerism was consistently at a low level over time (14 and 30 days post-transplantation). As well, at the 14-day time point, the results suggest that immunosuppression with tacrolimus does not significantly affect the EC and SMC replacement by recipient BM-derived cells in the Tx heart of allografts. Moreover, the higher levels of BM-derived recipient cell chimerism found in Tx as compared to Nat control hearts supports the concept of preferential seeding of these cells to sites of vascular damage.
Uncovering the true extent of EC and SMC replacement by recipient cells in TVD is an important biological objective that has yet to be addressed adequately. In order to determine the precise contribution of recipient cells to EC and SMC replacement in TVD, it is vital to utilize and compare findings between the same models of vascular disease, that is, cardiac allograft vasculopathy, as other models in which there is endothelial injury may lead to variable findings due to differences in pathogenetic mechanisms. Our study depends on a well-established heterotopic cardiac allograft model to study the role of recipient BMderived cells in EC and SMC replacement. However, even in similar animal models of TVD, there Mean7s.e.m.; Tx ¼ transplanted heart; Nat ¼ native heart. *P ¼ 0.04.
Bone marrow-derived recipient cells in cardiac allografts N Rezai et al remains large discrepancies and debate regarding the frequency of recipient cell replacement of cells of the vessel wall and particularly the contribution of BM-derived cells. Some studies report that almost all cells in the vessel wall are recipient derived in models of aortic transplantation, 3, 16, 21, 22 vein grafting 23 and cardiac allografts, 4, 22 while other studies have reported contrary results suggesting that recipient cells only contribute minimally, if at all, to vascular cell replacement in similar models of allograft vasculopathy. Attempts at explaining these discrepancies have suggested that immunosuppressants may potentially affect the pathogenesis of TVD, while others suggest that certain models may underestimate the potential contribution of recipient cells in vascular remodeling. Furthermore, the contribution may vary in different tissues as suggested by one study showing that recipient-derived EC replaced donor endothelium in aortic but not cardiac allografts. 22 Recent studies propose that imaging artifacts related to the lack of stringent methodological approaches may explain the major discrepancies in the reported contribution of BM-derived recipient cells as a major source of SMC in graft vasculopathy (5% 21 -82.5% 4 ). 24 We have utilized more rigorous imaging techniques and analytical strategies to confirm the specificity of the GFP spectral tracking and three-dimensional imaging than those employed before when investigators have reported both high 4 and low 21 rates of EC and SMC replacement by BM-derived recipient cells. Several studies have utilized both conventional light microscopy 3, 10, 25 and confocal microscopy 4, 9 to examine the fate of recipient cells within Tx hearts. With respect to confocal microscopy, although this technique does allow the power to analyze thicker tissue sections as compared to conventional light microscopy, there is also a risk in relying solely on the color overlap of two fluorophores in a given thickness of tissue to determine the phenotype of cells of interest. Confocal microscopy increases the capability of distinguishing adjacent structures in thicker sections of tissue if it is utilized to its full potential. By obtaining optical sections of a given tissue, confocal microscopy enables users to produce three-dimensional reconstructions and volume renderings in order to examine target cells in that given volume of tissue in a three-dimensional, more accurate view. In this study, we have used 10 mm sections and obtained 0.4-0.5 mm optical sections of tissue stained for EC and SMC markers. These optical sections were then reconstructed to produce a volume rendering of each vessel and were examined by segmentation analysis of the three color channels and by rotating the volume through 1801 at increments of 11. In this manner, we anticipate accurate determination of colocalization events between cellular markers in the exact three-dimensional plane (x, y and z planes) of the tissue. In addition, a wavelength (lambda) scan of the GFP-expressing recipient BM-derived cells was performed using a confocal laser scanning microscope to confirm the presence or absence of GFP within individual cells. We believe the present observations bring us closer to the true frequency of recipient BM-derived cell chimerism in TVD.
Thus, although our results for the frequency of differentiation events into both an EC and SMC phenotype in murine heart allografts is consistent with some recent findings, 25, 26 we report lower rates of recipient cell replacement of EC and SMC in cardiac allografts as compared to other studies, which utilized confocal microscopic analysis. 3, 4, 9 As mentioned above, these lower rates may be attributed to our utilization of a rigorous method of image analysis for all tissue sections, thereby enhancing our identification of true EC and SMC of recipient BM origin, and diminishing the chance of both falsely identifying inflammatory cells as EC or SMC in the vessel wall and falsely identifying subadjacent cells as colocalization events. Another factor that may contribute to our lower rates of recipient cell chimerism is our selective examination of only BM-derived recipient cell contributions to chimerism in the vessels of Tx hearts. Indeed, the BM is likely not the only source of cells that contribute to this phenomenon and numerous reports have in fact shown that vascular cells are heterogeneous and that both EC and SMC in vascular lesions are composed of cells of diverse origins. 27, 28 In addition, there may be a population of radiation-resistant BM progenitor cells that also contribute to vascular remodeling, which would not be labeled with the GFP marker following BM reconstitution, and thus, would not be detected by our stringent image analysis technique.
To address the question of whether immunosuppression may affect the recipient cell repopulation of EC and SMC in TVD, we compared the effect of immunosuppressive treatment with tacrolimus vs no treatment on the rates of recipient BM-derived cell chimerism in the vessels of our heterotopic heart transplant model. Our findings confirm that even as early as 14 days post-transplantation, immunosuppression in a cardiac allograft model does not significantly affect the frequency of recipient BM-derived cell repopulation of EC and SMC. Hence, our data suggest that discrepancies in the reported rates of recipient cell chimerism at early time points in vessels of Tx hearts to date are not due to an effect of immunosuppressive treatment on progenitor cell populations in the BM.
To our knowledge, this study is among the first to examine the effect of immunosuppressive therapy on BM-derived recipient cell chimerism in the Tx heart. Interestingly, we found that although immunosuppression with tacrolimus led to a significant decrease in the total number of BM-derived recipient cells seeding to sites within the Tx heart of allografts at 14 days post-transplantation, it did not appear to affect the frequency of recipient BM-derived cell repopulation of EC and SMC. One possible reason for this is that the time point used in this study was not long enough to see differences in chimerism rates between the immunosuppressed vs the non-immunosuppressed allograft hearts. The murine heterotopic heart transplant model utilized in this study does not allow survival of the Tx heart past 14 days without immunosuppressive therapy, as the non-immunosuppressed Tx heart ceases to beat past this time period, and it is possible that we would begin to see differences in rates of chimerism due to immunosuppression at the 30 day time point. However, there is a possibility that a progenitor cell population within the BM is not affected by immunosuppressive therapy with tacrolimus, and that this treatment only influences the inflammatory cell response to the heart of allografts.
The findings reported here are novel in the field of cardiac TVD and the study of vascular repopulation events. This is the first report which demonstrates that immunosuppression with tacrolimus does not affect the frequency of repopulation of damaged vessels in the donor heart by recipient BM-derived cells in a murine model of TVD. We demonstrate that EC replacement is an early event, found to occur at 14 days post-transplantation, but at a rate that diminishes with time up to 30 days post-transplantation. We found that the frequency of recipient BMderived cell chimerism events at an early time point of 14 days post-transplantation, into both EC and SMC phenotypes, remains constant irrespective of immunosuppressive treatment with tacrolimus. These data suggest that precursor cells are recruited early following transplantation to areas of donor vascular dysfunction in a process of attempted repair in the context of ongoing donor-recipient alloimmune interactions. Since cardiac TVD is primarily a vascular disorder affecting both intramyocardial and epicardial coronary arteries and veins 14 and is characterized predominantly by EC damage and intimal proliferation, the results of this manuscript focus specifically on the role and contribution of recipient BM-derived cells in the repopulation of EC and SMC in the vasculature of cardiac TVD. However, there is also considerable interest and continued controversy surrounding the issue of whether BM-derived cells can directly or indirectly facilitate functional cardiac cell regeneration. Although the murine heterotopic heart transplant model is not the optimal model of cardiomyocyte injury to evaluate the potential rates of recipient BM-derived cells differentiation into cardiomyocytes, we have conducted preliminary studies and our results using desmin immunolabeling indicate that this phenomenon occurs at a very low frequency in this model. Additional studies will also be required to determine the degree to which other, non-BM-derived sources of recipient cell populations contribute to this replacement process and to identify the factors that modulate this process.
